statistics 12 1 Lay Summary 13 An outstanding challenge for the study of colour traits is how best to use "colour 14 spaces" to represent their visual perception, particularly when asking questions 15 of colour-difference (e.g. the (dis)similarity of males and females, mimics and 16 models, or sister species, to a given viewer). We use simulations to show that 17 existing methods fail to statistically and biologically estimate the separation of 18 groups in colour space, and we suggest a flexible, robust, alternative that avoids 19 those pitfalls.
Introduction 43 The study of colour in nature has driven fundamental advances in ecology and 44 evolutionary biology (Cuthill et al., 2017) . Colour is a subjective experience, how-45 ever, so substantial effort has been dedicated to measuring and representing colours 46 "objectively" (Garcia et al., 2014; Johnsen, 2016) through visual models that consider the perspective of ecologically relevant viewers (Kemp et al., 2015;  Renoult The link distance (i.e. average pairwise distance between groups) conflates within-and among-group variation. Here, two samples were drawn from the same simulated distribution. Thin arrows represent distances between a random point in the first sample (blue) and all points from the second sample (red), all of which are greater than the distance between the geometric means of the two samples ("x", bold arrows). Inset shows the histogram of pairwise distances among groups, and how their average (dashed line) is greater than the mean distance (bold line).
The limitations of current methods for comparing colour space distributions 154 Several methods have been proposed to avoid the aforementioned issues by ac-155 counting for the relative distributions of samples in colour space. Eaton (2005) , 156 for example, noted that within-group variation influenced the conclusions on the inferred from their overlap. Stoddard & Stevens (2011) largely due to limitations in implementation and accessibility.
193
The shortcomings of these methods reflect the fundamental fact that the ques-194 tion of discriminability actually represents a test of two hypotheses that are seldom formally distinguished: (i) that the focal samples are statistically distinct, and (ii) 196 that the magnitude of their difference is greater than a psychophysical threshold 197 of detection. Most approaches will test one, but not both, of these hypotheses 198 through their respective nulls, and often with no estimate of variation or uncer-199 tainty in estimates. We explore these issues using a simulation-based approach 200 by testing the efficacy of popular methods in detecting the separation of groups 201 in colour space. We then propose a flexible solution that avoids these problems, 202 demonstrating its utility using an example from the literature.
203

Methods
204
Simulation procedures 205 To compare methods for detecting group separation in colour space, we simu-206 lated data analogous to that obtained from applying an avian visual model to 207 spectral reflectance data. Birds are tetrachromatic (Hart, 2001) , and colours will 208 thus be represented by the quantum catches of its four photoreceptors (though 209 the procedure followed here can be applied to visual systems with any number 210 of receptors). For each replicate, we simulated two samples defined by four vari-211 ables (USML photoreceptors) taken from log-normal distributions (since quantum 212 catches are non-negative and noise-corrected distances follow a ratio scale, as de-213 fined by the Weber fraction, described above). We generated samples following 214 two different scenarios: first, we simulated varying degrees of separation (i.e. ef-215 fect sizes) to evaluate the power and Type I error rates of the approaches tested.
216
Second, we simulated threshold conditions to evaluate the performance of differ-217 ent approaches in correctly classifying whether samples are above-threshold.
218
For the first set of simulations (power and error-rates) we simulated the quantal 219 catch of each photoreceptor i for the first sample (group A) by drawing from a log-220 normal distribution with mean µ iA seeded from a uniform distribution U (0, 10), 221 and standard deviation proportional to the mean: σ i = a i µ iA , with a i ∼ U (0, 0.5)
222
(note that, for these simulations, µ and σ refer to the mean and standard deviation The two approaches showed some disagreement, with between 10 − 15% of 275 the simulations significant only in one of the two tests ( Fig. 4) . This disagreement 276 was not random, with the Cartesian MANOVA being more likely to be significant 277 when the distance PERMANOVA was not than vice-versa ( Fig. 4a) , at an approx-278 imately constant rate across sample sizes, and disagreemennt being concentrated 279 at smaller effect sizes with increasing sample sizes (Fig. 4b) .
. 
Threshold scenarios 291
Since results from the distance PERMANOVA and the Cartesian MANOVA were 292 comparable, we focus on the former due to the convenience of the R 2 statistic 293 describing among-group separation (but see Discussion for comments on the use 294 of these approaches). Simulations produced a wide range of outcomes, with non-295 significant and significant tests both above and below the theoretical threshold of 1 296 JND (Fig. 6) . In contrast with the power simulations above (Fig. 5) , the significance 297 threshold did not match the theoretical perceptual threshold. As in the hypothet-298 ical example from the introduction, 20.2% of the simulated cases were statistically 299 indistinguishable despite having mean above-threshold distances (Fig. 6, dark   300 red). Likewise, 15.1% of the simulations produced samples that were statistically 301 different, but where this difference was below threshold and was therefore likely 302 undetectable to its observer (Fig. 6, dark blue points) . These results highlight the Figure 6 : Results from threshold simulation. Red and blue denote non-significant and significant PERMANOVA tests, respectively, and light colours denote when that approach would yield the same inference as comparing mean distances to a threshold of 1JND. Thus, dark blue points indicate a significant statistical test that does not reach the threshold of discriminability of 1 JND, whereas dark red points indicate a non-significant statistical test that nonetheless has a mean distance greater than 1 JND. Figure 6A shows that, intuitively, tests were significant when within-group 306 differences were small relative to among-group differences. However, nearly all using the average link distance (i.e. the average pairwise distance) to describe 309 intragroup variation. Significant results are obtained when the mean difference is 310 up to 0.5 JND smaller than the within-group average link distance (Fig. 6A, grey   311 line intercept). Similarly, we can see that significant results can be obtained for 312 fairly low levels of among-group separation, with R 2 as small as 3 or 4% (Fig. 6B,   313 horizontal line at 3%).
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Though there is a negative association between R 2 and volume overlap ( Fig.   315 6C), results show low overall consistency between approaches: for any given value 316 of volume overlap, all possible outcomes of significance/threshold occur -even 317 when the overlap between samples is zero (Fig. 6C) . In other words, even complete 
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Our results show that insight into the biology of colour and its role in commu-475 nication is best achieved by disentangling the implicit assumptions in questions 476 of discriminability. By bringing these assumptions to light, our two-step approach 477 offers a flexible procedure for examining the statistical presence and theoretical 478 magnitude of differences between colour samples. We expect it will bring exciting 479 new perspectives on the role of colour in intra-and interspecific interactions, and 480 provide an efficient analytical framework for the study of colour in nature.
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